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It is shown that for the reason of neutrinos being left-handed and their gauge-couplings being parity-
violated, linearly polarized photons acquire their circular polarization by interacting with neutrinos.
Calculating the ratio of linear and circular polarizations of laser photons interacting with either Dirac
or Majorana neutrino beam, we obtain this ratio for the Dirac neutrino case, which is about twice less
than the ratio for the Majorana neutrino case. Based on this ratio, we discuss the possibility of using
advanced laser facilities and the T2K neutrino experiment to measure the circular polarization of laser
beams interacting with neutrino beams in ground laboratories. This could be an additional and useful
way to gain some insight into the physics of neutrinos, for instance their Dirac or Majorana nature.
© 2014 The Authors. Published by Elsevier B.V. Open access under CC BY license. Funded by SCOAP3.1. Introduction
Since their appearance, neutrinos have always been extremely
peculiar. Their charge neutrality, near masslessness, ﬂavor mixing,
oscillation, type of Dirac or Majorana, and in particular parity-
violating gauge-coupling have been at the center of a concep-
tual elaboration and an intensive experimental analysis that have
played a major role in donating to mankind the beauty of the
standard model for particle physics. Several experiments study-
ing solar, atmospheric and reactor neutrinos in past several years
provides strong evidences supporting the existence of neutrino os-
cillations [1]. This implies that neutrinos are not exactly massless
although they chirally couple to gauge bosons. Therefore they can-
not be exactly two-component Weyl fermions. Instead, it is tempt-
ing to think of the nature of neutrinos, they might be fermions
of Dirac type or Majorana type [2]. Dirac and Majorana neutri-
nos have different electromagnetic properties [3], which can be
used to determine which type of neutrinos exists. The well-known
example is the neutrino-less double beta decay [4], still to be ex-
perimentally veriﬁed.
Some attention has been recently driven to study the neutrino
interactions with laser beams; here we mention a few examples.
The emission of νν¯ pairs off electrons in a polarized ultra-intense
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0370-2693 © 2014 The Authors. Published by Elsevier B.V. Open access under CC BY license.electromagnetic (e.g., laser) wave ﬁeld is analyzed in Ref. [5]. The
electron–positron production rate has been calculated [6] using
neutrinos in an intense laser ﬁeld. In the frame of the standard
model, by studying the elastic scattering of a muon neutrino on an
electron in the presence of a linearly polarized laser ﬁeld, multi-
photon processes have been shown [7].
In this Letter, we quantitatively show and discuss linearly polar-
ized photons acquire circular polarization by interacting with neu-
trinos, for the reason that neutrinos are left-handed and possess
peculiar couplings to gauge bosons in a parity-violating manner.
In particular we quantitatively calculate the circular polarization
that a linearly polarized laser beam develops by interacting with a
neutrino beam in ground laboratories. Moreover we show that us-
ing advanced laser facility one can possibly measure the circular
polarization of laser photons interacting with a Dirac or Majorana
neutrino beam produced by neutrino experiments, e.g., the Tokai-
to-Kamioka (T2K) [8]. This could possibly provide an additional
way to study some physics of neutrinos, for example, the nature
of neutrinos, Dirac or Majorana type.
We recall that the similar photon–neutrino process was con-
sidered for the generation of circular polarizations of Cosmic Mi-
crowave Background (CMB) photons [9] interacting with cosmic
background neutrinos (CNB), instead of photons [10] and electrons
in the presence of magnetic ﬁeld [11]. There the main calculation
was done to obtain the power spectrum CVl of the circular polar-
ization of CMB photons by the forward scattering between CMB
photons and CNB neutrinos. Funded by SCOAP3.
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The polarization of laser beam is characterized by means of
the Stokes parameters: the total intensity I , intensities of linear
polarizations Q and U , as well as the intensity of circular po-
larizations V indicating the difference between left- and right-
circular polarizations intensities. The linear polarization can be
represented by PL ≡
√
Q 2 + U2. An arbitrary polarized state of a
photon (|k0|2 = |k|2), propagating in the zˆ-direction, is given by
|〉 = a1 exp(iθ1)|1〉 + a2 exp(iθ2)|2〉, (1)
where linear bases |1〉 and |2〉 indicate the polarization states
in the x- and y-directions, and θ1,2 are initial phases. Quantum-
mechanical operators in this linear bases, corresponding to Stokes
parameters, are given by
Iˆ = |1〉〈1| + |2〉〈2|, Qˆ = |1〉〈1| − |2〉〈2|,
Uˆ = |1〉〈2| + |2〉〈1|, Vˆ = i|2〉〈1| − i|1〉〈2|. (2)
An ensemble of photons in a general mixed state is described by
a normalized density matrix ρi j ≡ (|i〉〈 j |/ trρ), and the dimen-
sionless expectational values for Stokes parameters are given by
I ≡ 〈 Iˆ〉 = trρ Iˆ = 1, (3)
Q ≡ 〈Qˆ 〉 = trρ Qˆ = ρ11 − ρ22, (4)
U ≡ 〈Uˆ 〉 = trρUˆ = ρ12 + ρ21, (5)
V ≡ 〈Vˆ 〉 = trρ Vˆ = iρ21 − iρ21, (6)
where “tr” indicates the trace in the space of polarization states.
As shown below, in a quantum ﬁeld theory, the density matrix
describing Stokes parameters of polarized particle is represented
in the phase space (x,k) in addition to the space of polarization
states. Eqs. (3)–(6) determine the relations between Stokes param-
eters and the 2× 2 density matrix ρ of photon polarization states.
3. Quantum Boltzmann equation for Stokes parameters
We express the laser ﬁeld strength Fμν = ∂μAν − ∂ν Aμ , and
free gauge ﬁeld Aμ in terms of plane wave solutions in the
Coulomb gauge [12],
Aμ(x) =
∫
d3k
(2π)32k0
[
ai(k)iμ(k)e
−ik·x + a†i (k)∗iμ(k)eik·x
]
, (7)
where iμ(k) are the polarization four-vectors and the index
i = 1,2, representing two transverse polarizations of a free photon
with four-momentum k and k0 = |k|, k · i = 0 and i ·  j = −δi j .
The creation operators a†i (k) and annihilation operators ai(k) sat-
isfy the canonical commutation relation
[
ai(k),a
†
j
(
k′
)]= (2π)32k0δi jδ(3)(k− k′). (8)
The density operator describing an ensemble of free photons in the
space of energy–momentum and polarization state is given by
ρˆ(x) = 1
tr(ρˆ)
∫
d3k
(2π)3
ρi j(x,k)a
†
i (k)a j(k), (9)
where ρi j(x,k) is the general density-matrix, analogous to
Eqs. (3)–(6), in the space of polarization states with the ﬁxed
energy–momentum “k” and space–time point “x”. The number op-
erator of photons D0i j(k) ≡ a†i (k)a j(k) and its expectational value
with respect to the density-matrix (9) is deﬁned by
〈
D0 (k)
〉≡ tr[ρˆD0 (k)]= (2π)3δ3(0)(2k0)ρi j(x,k). (10)i j i jThe time-evolution of the number operator D0i j(k) is governed by
the Heisenberg equation
d
dt
D0i j(k) = i
[
HI , D
0
i j(k)
]
, (11)
where HI is the interacting Hamiltonian of photons with other par-
ticles in the standard model. Calculating the expectational value of
both sides of Eq. (11), one arrives at the following Quantum Boltz-
mann Equation (QBE) for the number operator of photons [13],
(2π)3δ3(0)
(
2k0
) d
dt
ρi j(x,k)
= i〈[H0I (t); D0i j(k)]〉− 12
∫
dt
〈[
H0I (t);
[
H0I (0); D0i j(k)
]]〉
, (12)
where we only consider the interacting Hamiltonian H0I (t) of pho-
tons with neutrinos. The ﬁrst term on the right-handed side is a
forward scattering term, and the second one is a higher-order colli-
sion term, which will be neglected. In the following, we attempt to
calculate the Stokes parameter V of Eq. (6) to show that a linearly
polarized laser beam acquires the component of circular polariza-
tion while it interacts with a neutrino beam.
4. Photon–neutrino interaction
First we consider Dirac neutrinos ψνl interacting with charged
leptons ψl and W±μ gauge bosons in the standard model
£int = gw
2
√
2
∑
l=e,μ,τ
[
ψ¯νlγ
μ
(
1− γ 5)ψlW+μ
+ ψ¯lγ μ
(
1− γ 5)ψνl W−μ ], (13)
where we omit the unitary mixing matrix which is not relevant
to the following calculations. Because neutrino masses are approx-
imately zero, compared with their energies (Eνl mνl ), we adopt
the two-component theory for zero-mass particles to describe neu-
trinos (see for example Ref. [12])
ψν(x) =
∫
d3q
(2π)3
1√
2q0
∑
r=±
[
br(q)Ur(q)e−iq·x
+ d†r(q)Vr(q)eiq·x
]
, (14)
where neutrino energy q0 = |q|, and helicity or chirality states
U±(q) = −V±(q) are eigenstates of helicity operator Σ · q/|q| and
chirality operator γ5, (+) representing the left-handed neutrino
U+(q) and right-handed anti-neutrino V+(q); (−) representing the
right-handed neutrino U−(q) and left-handed anti-neutrino V−(q).
The annihilation and creation operators br (dr ) and b
†
r (d
†
r ) for cor-
responding states satisfy following relations,
{
bs(q),b
†
r
(
q′
)}= {ds(q),d†r(q′)}= (2π)3δsrδ(3)(q− q′). (15)
For a given momentum q and chirality state (+), there exists only
two independent states of left-handed neutrino and right-handed
anti-neutrino. The chiral projector (1 − γ5)/2 in the interacting
Hamiltonian (13) implies that only left-handed neutrinos (+) par-
ticipate the weak interaction. The relations
U¯r(q)γ μUs(q) = 2qμδrs,
1
2
∑
r
U¯r(q)γ μ
(
1− γ 5)Ur(q) = 2qμ, (16)
are useful for the following calculations.
274 R. Mohammadi, S.-S. Xue / Physics Letters B 731 (2014) 272–278Fig. 1. Two Feynman diagrams describe the interaction between photons and neu-
trinos at the one-loop level. p and p′ (q and q′) represent photons (neutrinos)
momenta. Along the loop, there are two QED-vertexes and two vertexes of Eq. (13),
as well as a W±μ gauge-boson propagator Dαβ (dashed line) and three charged
lepton propagators S F (solid lines). Note that the contribution from the neutral
channel diagram with a Z0μ-boson exchange (see Ref. [14]) is proportional to neu-
trino masses mν , we consider in this Letter exactly massless neutrinos so that the
neutral channel diagram with a Z0μ-boson exchange does not contribute to the in-
teracting Hamiltonian (17) for studying the generation of circular polarization of
laser photons. Even if we consider massive neutrinos, the contribution from the
neutral current, being proportional to neutrino masses, can be neglected in com-
parison with the contribution from charged current.
In the context of standard model SUL(2) × UY (1) for the
electro-weak interactions, two Feynman diagrams representing the
leading-order contribution to the interaction between photons and
neutrinos are shown in Fig. 1. The leading-order interacting Hamil-
tonian is given by
H0I =
∫
dqdq′ dpdp′ (2π)3δ3
(
q′ + p′ − p− q)
× exp[it(q′ 0 + p′ 0 − q0 − p0)][b†r′a†s′(M1 +M2)asbr],
(17)
where
M1 +M2 = 1
8
e2g2w
∫
d4l
(2π)4
Dαβ(q − l)U¯r′
(
q′
)
× γ α(1− γ5)S F
(
l + p − p′)
× [/s′ S F (l + p)/s + /s S F (l − p′)/s′]
× S F (l)γ β(1− γ5)Ur(q), (18)
Dαβ and S F are respectively W±μ gauge-boson and charged-lepton
propagators. In Eq. (17), our notation dq ≡ d3q/[(2π)32q0], the
same for dp, dp′ and dq′ .
5. Laser-photon circular polarization
From Eq. (17) for the photon–neutrino interacting Hamiltonian,
we obtain the ﬁrst forward scattering term of Eq. (12)
[
H0I , D
0
i j(k)
]=
∫
dqdq′ dpdp′ (2π)3δ3
× (q′ + p′ − p− q)(M1 +M2)
× (2π)3[b†r′bra†s′as2p0δisδ3(k− p)
− b†r′bra†s′as2p′0δ js′δ3
(
k− p′)]. (19)
Then, using the commutators of Eqs. (8) and (15), as well as the
following expectation values of operators [13],
〈a1a2 . . .b1b2 . . .〉 = 〈a1a2 . . .〉〈b1b2 . . .〉, (20)〈
a†s′
(
p′
)
as(p)
〉= 2p0(2π)3δ3(p− p′)ρss′(x,q), (21)〈
b†r′
(
q′
)
br(q)
〉= (2π)3δ3(q− q′)δrr′ 1nν(x,q), (22)2where ρss′ (x,q) is the local matrix density and nν(x,q) is the lo-
cal spatial density of neutrinos in the momentum state q. Thus
we deﬁne the neutrino distribution function nν(x) and the average
momentum q¯ of neutrinos as
nν(x) =
∫
d3q
(2π)3
nν(x,q),
q¯= 1
nν(x)
∫
d3q
(2π)3
qnν(x,q). (23)
For a neutrino beam we assume nν(x,q) ∼ exp[−|q− q¯|/|q¯|], rep-
resenting the most of neutrinos carry the momentum q ≈ q¯. Then
we arrive at
i
〈[
H0I , D
0
i j(k)
]〉= i
16
e2g2w
∫
dq
[
ρs′ j(x,k)δis
− ρis(x,k)δ js′
]
nν(x,q)
×
∫
d4l
(2π)4
Dαβ(q − l)U¯r
(
q′
)
γ α(1− γ5)S F (l)
× [/s′ S F (l + k)/s + /s S F (l − k)/s′]
× S F (l)γ β(1− γ5)Ur(q). (24)
Moreover, using dimensional regularization and Feynman param-
eterizations for four-momentum integration over l, we approxi-
mately obtain
i
〈[
H0I , D
0
i j(k)
]〉≈ − 1
16
1
4π2
e2g2w
∫
dq
[
ρs′ j(x,k)δis
− ρis(x,k)δ js′
]
nν(x,q)
×
1∫
0
dy
1−y∫
0
dz
(1− y − z)
zM2W
U¯r(q)(1+ γ5)
× [2z/qs′ · s + 2z(/s′q · s + /sq · s′)
+ (3y − 1)/k(/s/s′ − /s′/s)
]Ur(q), (25)
where neutrino and photon energies are much smaller than
W±μ -boson mass MW , i.e., Eν, Eγ  MW .
The time evolution of Stokes parameter V of linearly polarized
laser-photons is determined by Eqs. (12) and (25),
dV (x,k)
dt
∣∣∣∣
D
≈ 1
6
1
(4π)2
e2g2w
M2Wk
0
∫
dqnν(x,q)U¯r(q)(1+ γ5)
× [(/1q · 1 − /2q · 2)Q (x,k)
− (/1q · 2 + /2q · 1)U (x,k)
]Ur(q), (26)
where high-order terms suppressed at least by 1/M4W have been
neglected. Using Eq. (16), we obtain
dV (x,k)
dt
∣∣∣∣
D
≈
√
2
3πk0
αGF
∫
dqnν(x,q)
× [(q · 1q · 1 − q · 2q · 2)Q (x,k)
− (q · 1q · 2 + q · 2q · 1)U (x,k)
]
, (27)
where the Fermi and ﬁne-structure constants are
GF =
√
2
8
g2w
M2W
≈ 1.16× 10−5 (GeV)−2,
α = e
2
= 1 . (28)
4π 137
R. Mohammadi, S.-S. Xue / Physics Letters B 731 (2014) 272–278 275Fig. 2. In the laboratory frame, we set the laser-photon momentum k in the
zˆ-direction (the direction of incident laser beam), polarization vectors 1(k) in the
xˆ-direction and 2(k) in the yˆ-direction. This sketch shows the relative angles θ
and φ between the laser beam direction kˆ and neutrino beam direction ˆ¯q.
As follows, we will consider the neutrino beam is produced by
high-energy muons (μ±) decay, the beam angle divergence θdiv ∼
mμ±/Eμ±  1, where Eμ± (mμ± ) is the muon energy (mass). This
implies that near to the source of high-energy muons (μ±) decay,
the momenta of neutrinos are around the averaged one q¯, given
by Eq. (23). In this circumstance, we approximate Eq. (27) as
dV (x,k)
dt
∣∣∣∣
D
≈
√
2
6πk0
αGF |q¯|nν(x, q¯)
× [( ˆ¯q · 1 ˆ¯q · 1 − ˆ¯q · 2 ˆ¯q · 2)Q (x,k)
− ( ˆ¯q · 1 ˆ¯q · 2 + ˆ¯q · 2 ˆ¯q · 1)U (x,k)
]
, (29)
where ˆ¯q ≡ q¯/|q¯| indicates the direction of neutrino beam, and
nν(x) ≈ const. along the beam direction. On the analogy of aver-
aged momentum q¯ of neutrino beam, k should be understood as
an averaged momentum of photons in a laser beam in the direc-
tion kˆ≡ k/|k|, the Stokes parameters Q (x,k), U (x,k) and V (x,k)
are the functions averaged over the momentum distribution of
photons in a laser pulse. As shown in Fig. 2, we select the kˆ along
the zˆ-direction, and θ and φ spherical angles of ˆ¯q with respect to
the kˆ direction. Then Eq. (29) becomes
dV (x,k)
dt
∣∣∣∣
D
≈
√
2
6πk0
αGF |q¯|nν(x, q¯)
× [(sin2 θ cos2φ)Q (x,k)
− (sin2 θ sin2φ)U (x,k)]
=
√
2
6πk0
αGF |q¯| sin2 θnν(x, q¯)Q (x,k), (30)
where in the third line we set φ = 0 in the plane of q¯ and k.
To discuss possible experimental relevance, we rewrite Eq. (30) as
V
Q
≡ V (x,k)
Q (x,k)
∣∣∣∣
D
≈ αGF
(√
2|q¯|
6πk0
)
sin2 θnν(x, q¯)t
= 2.37 · 10−36 (cm2)
(
F¯ν(x, q¯)
k0
)
sin2 θt, (31)
where the averaged energy-ﬂux of neutrino beam F¯ν(x, q¯) ≡
c|q¯|nν(x, q¯). Eq. (31) represents the ratio of circular and linear po-
larizations of laser beam interacting with the neutrino beam for a
time interval t .Fig. 3. The Feynman diagrams for the electron–photon scattering.
To end this section, we would like to point out that the purely
left-handed interaction (13) is the crucial reason why linearly po-
larized photons acquire circular polarizations by interacting with
left-handed neutrinos, in contrast they do not acquire circular po-
larizations by interacting with electrons in the forward scattering
terms of Eq. (12) [13]. If right-handed neutrinos were involved
in the weak interaction, replacing (1 − γ5)/2 by (1 + γ5)/2 in
Eq. (13), we would have obtained a contribution from right-handed
neutrinos that completely cancels the circular polarization (30).
This can be understood by the angular-momentum conservation in
the photon–neutrino interaction (13), where neutrinos are in left-
handed state (+), as a result, photons acquire the component of
circular polarizations. This point will be further illustrated by the
Compton scattering of photons and polarized electrons in the next
section.
6. Polarized Compton scattering
It is shown [13] that the photon circular-polarization is not
generated by the forward Compton scattering of linearly polar-
ized photons on unpolarized electrons. The reason is that the
contributions from left- and right-handed polarized electrons to
photon circular-polarization exactly cancel each other. In the fol-
lowing, we show the circular polarization generated by a polar-
ized Compton scattering: a photon beam scattering on a polarized
electron beam, whose the number-density of incident left-handed
electrons is not equal to the right-handed one. For the sake of
simplicity, we describe the polarized electron beam by the net
number-density of left-handed electrons δnL,e , and consider rel-
ativistic electrons Ee  me , Ee  Eγ and q  k ∼ p, where q,
p and k are the momenta of incident electrons, incident and scat-
tered photons respectively (see Fig. 3). Following the calculations
of Ref. [13], we obtain the time evaluation of the Stokes parame-
ter V for the circular polarization of scattered photons,
dV (k)
dt
≈ δn¯L,e
4
3σT
64π2
(
me
|q¯|
)2( me
q¯ · k
)2 ∫ dΩpˆ
4π
× {[q¯ · 2(k)]2 − 2[1(pˆ) · 2(k)][q¯ · 2(k)][q¯ · 1(pˆ)]
+ [q¯ · 1(pˆ)]2 − (1⇔ 2)}U (pˆ), (32)
which is proportional to δn¯L,e the averaged number-density of left-
handed polarized electrons, here q¯ is the averaged momenta of
incident polarized electrons and pˆ ≡ p/|p|. This shows that lin-
early polarized photons scattering on polarized electrons acquire
circular polarization, analogously with photon circular-polarization
generated by linearly polarized photons scattering on left-handed
neutrinos.
7. Majorana neutrinos
We turn to calculate the circular polarization of laser-photon
beam due to its scattering with Majorana neutrinos [15],
ψMν (x) =
∫
d3q
(2π)3
√
2q0
×
∑[
br(q)Ur(q)e−iq·x + λb†r(q)Vr(q)eiq·x
]
, (33)r=±
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particle are identical), i.e., ψMν (x) = λψMν (x)c up to a phase λ
(|λ2| = 1), where the conjugated ﬁeld ψMν (x)c = γ 0CψMν (x)∗ ,
C = iγ 0γ 2, and
γ 0CV∗r (p) = Ur(p), γ 0CU∗r (p) = Vr(p). (34)
The interaction of Majorana neutrinos with charged particles via
the W±μ in the Standard Model SUL(2) × UY (1) can be written
as [15]
£Mint =
gw
2
√
2
∑
l=e,μ,τ
ψ¯Mν
[
γ μ
(
1− γ 5)ψlW+μ
− λγ μ(1+ γ 5)ψcl W−μ ], (35)
where ψcl is the conjugated lepton ﬁeld. The ﬁrst term is due to
the left-handed Majorana neutrino, analogously to Eq. (13) for the
left-handed Dirac neutrino, yielding Feynman diagrams in Fig. 1.
The second term comes from the conjugated left-handed Majorana
neutrino ψMν (x)
c , yielding “conjugated” Feynman diagrams, which
are all the internal lines in Fig. 1 are replaced by their conjugated
lines. The contribution from “conjugated” Feynman diagrams can
be obtained by substitutions [15]:
W+ → W−, ψe → ψce ,
γ 5 → −γ 5, gw → −λgw . (36)
As a result, in Majorana neutrino case, the interacting Hamilto-
nian is
H0I =
∫
dqdq′ dpdp′ (2π)3δ3
(
q′ + p′ − p− q)
× exp[it(q′ 0 + p′ 0 − q0 − p0)]
× [b†r′a†s′(M1 +M2)asbr + a†s′br(M′1 +M′2)asb†r′]
=
∫
dqdq′ dpdp′ (2π)3δ3
(
q′ + p′ − p− q)
× exp[it(q′ 0 + p′ 0 − q0 − p0)]
× [b†r′a†s′(M1 +M2 −M′1 −M′2)asbr], (37)
where M1 +M2 is given by Eq. (18) and the “conjugated” part
−M′1 −M′2 = −
1
8
e2g2w
∫
d4l
(2π)4
Dαβ(l − q)
× V¯r(q)γ α(1+ γ5)S F
(
p′ − p − l)
× [/s S F (−l − p)/s′ + /s′ S F (p′ − l)/s]
× S F (−l)γ β(1+ γ5)Vr′
(
q′
)
. (38)
Analogously to Eqs. (19)–(25), we obtain the contribution of “con-
jugated” part (38) to the forward scattering term i〈[H0I , D0i j(k)]〉,
− 1
16
1
4π2
e2g2w
∫
dq
[
ρs′ j(x,k)δis − ρis(x,k)δ js′
]
nMν (x,q)
×
1∫
0
dy
1−y∫
0
dz
(1− y − z)
zM2W
V¯r(q)(1− γ5)
× [2z/qs′ · s + 2z(/s′q · s + /sq · s′)
− (3y − 1)/k(/s/s′ − /s′/s)
]Vr(q). (39)
As a result, we approximately obtain the time-evolution of the
circular-polarization that laser-photons acquire after their interac-
tion with a Majorana neutrino beam,dV (x,k)
dt
∣∣∣∣
M
≈ dV (x,k)
dt
∣∣∣∣
D
+ 1
6
1
(4π)2
e2g2w
M2Wk
0
×
∫
dqnMν (x,q)V¯r(q)(1− γ5)
× [(/1q · 1 − /2q · 2)Q (x,k)
− (/1q · 2 + /2q · 1)U (x,k)
]Vr(q). (40)
The ﬁrst term is the same as Eq. (27) with the replacement
nν(x,q) → nMν (x,q), and the rest comes from the so-called “conju-
gated” part, which is the contribution from conjugated left-handed
Majorana neutrinos interacting with W−μ in the second term of
Eq. (35). From the identity
V¯r(q)γ μ
(
1± γ 5)Vr′(q′)= U¯r′(q′)γ μ(1∓ γ 5)Ur(q), (41)
Eq. (40) becomes
dV (x,k)
dt
∣∣∣∣
M
≈ dV (x,k)
dt
∣∣∣∣
D
− 1
6
1
(4π)2
e2g2w
M2Wk
0
×
∫
dqnMν (x,q)U¯r(q)(1+ γ5)
× [(/1q · 1 − /2q · 2)Q (x,k)
− (/1q · 2 + /2q · 1)U (x,k)
]Ur(q). (42)
By using identities
U¯r(q)γ μUs(q) = 2qμδrs,
1
2
∑
r
U¯r(q)γ μ
(
1± γ 5)Ur(q) = 2qμ, (43)
we approximately obtain
dV (x,k)
dt
∣∣∣∣
M
≈ 2dV (x,k)
dt
∣∣∣∣
D
, (44)
indicating that the photon circular-polarization generated by the
photon–neutrino (Majorana) scattering is about two times larger
than that generated by the photon–neutrino (Dirac) scattering.
This difference is due to the fact that in the standard model,
see Eq. (13), there is only one species of the left-handed Dirac
neutrino ﬁeld, whereas the left-handed Majorana neutrino ﬁeld
has two species for it being a self-conjugated ﬁeld, see Eq. (35).
As a result, in the Majorana neutrino case, the interacting Hamil-
tonian H0I of Eq. (37) has an additional “conjugated” part, com-
pared with the interacting Hamiltonian H0I of Eq. (17) in the Dirac
neutrino case. These two parts in Eq. (37) have the same contri-
bution to the V -parameter, which is equal to the contribution in
the Dirac neutrino case. Thus, the V -contribution (44) from the
photon and Majorana neutrino interaction is twice larger than the
V -contribution (31) from photon and Dirac neutrino interaction.
8. Neutrino and laser-photon beams
Our result (31) shows that in order to produce a large inten-
sity of photon circular-polarization for possible measurements, the
intensities of neutrino and laser-photon beams should be large
enough. In addition the interacting time t of two beams, i.e., the
spatial dimension d of interacting spot of two beams (d ≈ ct)
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at interacting point, assuming sin2 θ ∼ 1. Based on Figs. 1 or 25
in Ref. [8] for the Tokai-to-Kamioka (T2K) neutrino experiment
(ND280), the maximal neutrino ﬂux ∼1013 cm−2 year−1 locating
at energies E¯ν ≈ |q¯| ∼ 0.5 GeV, we estimate the mean energy-ﬂux
of muon neutrino beam,
F¯ν(x, q¯) ≈ |q¯|nν(x, q¯)c ∼ 103–104 GeV/
(
cm2 s
)
. (45)
The beam angle divergence θdiv ∼mμ/Eμ ≈ 10−2, where the muon
energy Eμ ∼ E¯ν . In addition, in the neutrino experiment (ND280),
we estimate the spatial and temporal intervals d and t of inter-
acting spot as d ∼ 2R0 +d · θ ∼ 100 cm and t ≈ d/c ∼ 10−8 s,
where R0 is the beam radius near to the source of muon neutrinos
and d = 2.8 · 104 cm is the distance between the muon neutrino
source and interacting spot with laser photons. Using optic laser
beams, laser photon energy k0 ∼ eV, we approximately obtain the
ratio of Eq. (31)
V
Q
≡ V (x,k)
Q (x,k)
∣∣∣∣
D
∼ 10−23 sin2 θ (t/s), (46)
where the factor sin2 θ is the order of unit. Eq. (46) represents
the result for laser and neutrino beams (pulses) interacting once
only. Suppose that by using mirrors or some laser facilities the
laser beam can bent N-times in its traveling path, and all laser
pulses are identical without interference, so that each laser pulse
can interact with the neutrino beam N-times in its path, the ratio
of Eq. (46) is approximately enhanced by a factor of N ,
V
Q
≡ V (x,k)
Q (x,k)
∣∣∣∣
D
∼ 10−23 sin2 θ N(t/s), (47)
since sin2 θ = sin2(π − θ) for back and forth laser beams in oppo-
site directions. Suppose that mirrors that trap laser beams can re-
ﬂect 99.999% of laser light for a narrow range of wavelengths and
angles. The absorption coeﬃcient of the mirror is then Ca ∼ 10−5,
and the intensity Q of linearly polarized laser beam is reduced
to Q → Q (1 − Ca) for each reﬂection, we approximately have
N ≈∑Nn=0(1− Ca)n ≈ 1/Ca . In general, we express our result as
V
Q
≡ V (x,k)
Q (x,k)
∣∣∣∣
D
∼ 10−26
(
F¯ν
104 GeVcm−2 s−1
)(
t
10−8 s
)
×
(
10−5
Ca
)(
eV
k0
)
. (48)
Based on the T2K neutrino experiment (ND280) and discussions
presented in this Section, to have a signiﬁcant probability of ob-
serving a circularly polarized photon (∼eV), the intensity of inci-
dent linearly polarized photons of optic laser should at least be:
Qmin ∼ 1026 eVcm−2 s−1 ∼ 10 MWcm−2, which is not diﬃcult to
be achieved in present laser technologies. The larger intensity Q
of incident laser beam in linear polarization is, the larger intensity
of photons in circular polarizations should be observed. In addi-
tion, a laser or neutrino beam is made by sequent bunches (pulses)
of photons or neutrinos, it should be important to synchronize two
beams in such a way that the interacting probability of photons
and neutrinos bunches is maximized.
For a comparison with Eq. (48), using Eq. (32) we estimate
the quantity V /Q for a linearly polarized laser beam interacting
with a polarized electron beam too. Considering the left-handed
polarized electron beam with averaged density δn¯L,e and averaged
momentum |q¯|, we obtainV
Q
∼ 10−10
(
F¯e
104 GeVcm−2 s−1
)(
t
10−8 s
)(
10−5
Ca
)
×
(
k0
eV
)2
, (49)
where k0 is the averaged energy of laser photons, t indicates
time interaction, the averaged velocity and energy ﬂux of the
left-handed polarized electron beam v¯e = |q¯|/me < 1 and F¯e ≡
|q¯|v¯eδn¯L,e .
In addition, Ref. [14] discussed the possibility of using intense
muon neutrino beams, such as those available at proposed muon
colliders, interacting with high powered lasers to probe the neu-
trino mass. The rate of photon–neutrino scattering (Rγ ν ∼ 1/year
or 3.1 × 10−8/s) was estimated by considering dramatically short
pulsed lasers with energies of up to 1.6 × 107 J per pulse and
very short pulse durations (∼fs), which is near to the critical in-
tensity ∼1028–29 W/cm2 for the production of electron–positron
pairs. Even in this extremal powered lasers, the total probability
for photon–neutrino scattering is too small to be observed. The
main reason is that the interacting rate Rγ ν is proportional to the
photon–neutrino scattering cross-section σγν ∝ α2(GFmν)2, which
is very small.
To compare with the photon–neutrino scattering rate Rγ ν ob-
tained in Ref. [14], we estimate the rate of generating circular
polarization of laser photons presented in this Letter. The quantity
V (k) of Eq. (31) represents the number of circularly polarized
photons of energy |k| = k0 ∼ eV per unit area (cm−2), unit time
(s−1) in a laser pulse. Therefore the rate of generating circular po-
larization of laser photons can be estimated by
RV ≈
(
V
k0
)
σlaser fpulseτpulse, (50)
where τpulse is the time duration of a laser pulse, the effective area
of photon–neutrino interaction is represented by the laser-beam
size σlaser being smaller than the neutrino-beam size d, and the
laser repetition rate fpulse is the number of laser pulses per second.
To have more eﬃciency, we assume that laser and neutrino beams
are synchronized and the fpulse is equal to the repetition rate of
neutrino beam fbunch, which is the number of neutrino bunches
per second. In contrast with the rate of photon–neutrino scattering
Rγ ν ∼ σγν ∝ α2(GFmν)2, the rate RV of Eq. (50) linearly depends
on αGF via the V (k) of Eq. (31). This implies that the rate RV
of Eq. (50) should be much larger than the photon–neutrino scat-
tering rate Rγ ν considered in Ref. [14].
Combining Eqs. (48) and (50), we obtain
RV  10−26
(
F¯ν
104 GeVcm−2 s−1
)(
t
10−8 s
)(
10−5
Ca
)
×
(
eV
k0
)
fpulseNγ , (51)
where Nγ is the number of photons in a laser pulse
Nγ = Q (k)
k0
σlaserτpulse = εpulse
k0
, (52)
and the total energy of a laser pulse εpulse = Q (k)σlaserτpulse. The
averaged power of linearly polarized laser beam is approximately
given by P¯ laser = fpulseεpulse, then Eq. (51) becomes
RV  10−26
(
F¯ν
104 GeVcm−2 s−1
)(
t
10−8 s
)(
10−5
Ca
)(
eV
k0
)
×
(
P¯ laser
0
)
. (53)k
278 R. Mohammadi, S.-S. Xue / Physics Letters B 731 (2014) 272–278As a result, with a neutrino beam F¯ν ∼ 104 GeVcm−2 s−1 and
a linearly polarized laser beam of energy k0 ∼ eV and power
P¯ laser  10 MW, the rate of generating circularly polarized pho-
tons RV ∼ 1/s (∼3 × 107/year). This rate should be large enough
for observations.
9. Conclusion and remark
We show and discuss the reason why a linearly polarized pho-
ton acquires its circular polarization by interacting with a neutrino
is due to the fact that the neutrino is left-handed and possesses
chiral gauge-coupling to gauge bosons. Calculating the ratio of lin-
ear and circular polarizations of photons interacting with either
Dirac or Majorana neutrinos, we obtain that this ratio in the case
of Dirac neutrinos is about twice less than the ratio in the case
of Majorana neutrinos. Based on quantitative value of this ratio,
we discuss the possibility of using advanced laser facilities and the
T2K neutrino experiment to measure the circular polarization of
laser beam interacting with neutrino beam in ground laboratories.
In Ref. [14], the rate of neutrino–photon scattering was calcu-
lated by the Feynman diagram of one fermion- loop with exchang-
ing a Z0μ-boson (neutral current channel). This rate is very small
because the obtained cross-section of photon–neutrino is the or-
der of (αGFmν)2, and it was concluded that the total probability
for photon–neutrino scattering is too small to be observed (hav-
ing an event rate below 1/year), even at PW laser powers. In our
case, the time evaluation of the V -parameter (12) for the photon
circular polarization can be simply written as
dV
dt
= [H0I , V ]+
∫
dt
[
H0I ,
[
H0I , V
]]
, (54)
where the leading non-trivial contribution comes from the for-
ward scattering amplitude [H0I , V ], which is the order of (αGF Q ),
instead of (αGF Q )2. Whereas the second term
∫
dt [H0I , [H0I , V ]]
corresponds to the high-order contributions. This implies that ourresults (44) and (48) of generating circular polarization of laser
beam by interacting with neutrino beam might be experimentally
measurable. This could be an additional and useful way to gain
some insight into the physics of neutrinos, for instance their Dirac
or Majorana nature, moreover their mixing with the right-handed
sterile neutrino [16].
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